Abstract. Detection of di use high energy X-ray and -ray emission from starburst galaxies and clusters of galaxies will signi cantly advance the study of these systems. We review the results of OSSE observations of the nearby starbursts NGC 253 and M82. Compton scattering of relativistic electrons by the far IR and cosmic microwave background radiation elds can account for the observed emission from NGC 253. The predicted level of this emission in M82 is close to the upper limit set by OSSE. Based on OSSE and recent ISO observations of ultraluminous IR galaxies, including Arp 220, it can be inferred that these galaxies are powered largely by starburst activity. Nonthermal emission has not yet been detected from clusters, including the Coma cluster which was the target of a two-week OSSE observation. We review current lower limits on intracluster magnetic elds and upper limits on relativistic electron energy densities in the clusters already observed at high energies. Improved spectra of NGC 253, M82, and the Coma cluster are expected soon from recent observations of these systems by the PCA and HEXTE experiments aboard the RXTE satellite.
INTRODUCTION
High energy X-ray (HEX) and soft -ray emission, at energies higher than typically emitted from di use plasmas ( > 10 keV), is of interest as a diagnostic tool in virtually all galactic systems. Generally, HEX emission has not yet been extensively observed from any galactic class; sources detected so far are mostly active galactic nuclei (AGNs). Observations of starburst galaxies (SBGs), IR-luminous galaxies, and clusters of galaxies are perhaps of particular interest because HEX emission quite likely emanates from extended central regions in these systems. The spatial distribution of this emission in SBGs may prove to be the key to determining their nature: an extended emission region would imply that the high energy activity is not powered by a compact nucleus and, therefore, that these galaxies are not scaled-down manifestations of the AGN phenomenon. Rather, it would constitute direct evidence that the IR and HEX outputs of these galaxies are closely related to enhanced star formation activity. This will pave the way to detailed, multispectral investigations of the SB regions.
More generally, interest in X-ray emission from SBGs also stems from the possibility that conditions in their central regions are representative of conditions in young galaxies and the parent galactic population of AGNs and quasars. Related to this is the hypothesis that SBGs { as well as young galaxies { may contribute appreciably to the cosmic X-ray background 1, 2] . Moreover, determining the relativistic particle densities and magnetic elds in clusters may shed some light on the values of these quantities in the intergalactic space proper, and possibly also on the role of cosmological seed elds.
Note that a distinction is made here between SBGs and the more general class of IR-luminous galaxies. The latter, loosely de ned class is characterized solely by a high far IR (FIR) luminosity that is nominally 10 11 L . This class consists of various types of galaxies, including SBGs, AGNs, and ultraluminous infrared galaxies (ULIGs; L IR > 10 12 L ). The study of HEX emission from each of these galaxy types is still in its infancy, due mainly to insu cient sensitivity of previous satellite experiments. For the rst time, the Compton Observatory and the Rossi X-Ray Timing Explorer satellites have provided us with basic spectral information on a few nearby non-AGN galaxies. As it happens, these are mostly SBGs; we review these results, and summarize recent observations of other IR-luminous galaxies observed with OSSE.
In clusters with di use intracluster (IC) radio emission, the detection of HEX emission may uniquely identify the emission mechanism, yielding new information on the physical properties of the IC gas and thereby providing important insights on its origin and evolution. Speci cally, the combination of radio and HEX measurements directly yields the mean strength of magnetic elds and the relativistic electron energy density in the IC space. Adequate spatial resolution of both these emissions may also resolve the issues of origin and propagation mode of the electrons. Extreme possibilities are either that the high-energy electrons originate from a strong radio source at the cluster center or that the electron sources are distributed (or perhaps the electrons are reaccelerated) throughout the cluster.
In this review we brie y discuss the motivation for HEX observations of IR galaxies and clusters, present the results of measurements of a few such systems, and discuss their implications.
STARBURST AND IR-LUMINOUS GALAXIES
Infrared emission from galaxies with high IR luminosities is generally thought to be produced either by warm interstellar dust heated by an abundant population of massive young (OB) stars, or by optical/UV and highenergy accretion-disk radiation reprocessed by surrounding gas and dust (for a recent review of IR-luminous galaxies, see 3]). In several nearby spatiallyresolved galaxies, such as Arp 220, Mrk 231, and NGC 1068, the IR radiation is evidently emitted from a spatially extended, centrally located region at least a few hundred pc in size. In galaxies whose IR radiation is reprocessed nuclear emission, luminous HEX emission is also expected, and the latter type of galaxy would constitute a sub-class of the AGN category. Because of the obscuration of optical and UV emission and the penetrating power of HEX radiation, observations of IR galaxies with hard X-ray and soft -ray telescopes will help to discriminate between these types of galaxies.
We rst focus attention on IR luminous galaxies whose activity is powered by young stars, i.e. SBGs. It is thought that the enhanced star formation rate in SBGs is triggered by galactic mergers, implying that these galaxies were more abundant in the earlier universe. Clearly, the class of SBGs is not a distinct one, even though most are either non-Seyfert Markarians 4] or normal spirals 5]. SBGs have been studied predominantly in the radio, infrared, and optical regions of the spectrum. The basic characteristics of SBGs are an enhanced star formation activity in the central 1 kpc region, with copious emission of reprocessed stellar light and IR emission from heated interstellar dust.
The abundance of young stars is accompanied by a high rate of SNe and a large number of SN remnants. Associated with the SN activity are shock heating of the interstellar gas, and acceleration of particles to relativistic energies. Low energy protons ionize and heat the gas, whereas relativistic electrons lose energy mainly by synchrotron and Compton processes, leading mainly to radio and X-ray emission. Compton scattering o the intense FIR radiation eld in the central region of the galaxy boosts up photon energies to the X-ray and -ray regions 6, 7] . Emission at energies of up to a few tens of keV may also be produced in low metallicity X-ray binary systems 8]. In addition, X-rays are emitted from SNe and their remnants, and SN shocks collectively drive a wind which may result in a hot X-ray producing galactic halo 9]. Irrespective of the exact nature of the X-ray emitting mechanism, the IR and X-ray outputs of a SBG are expected to be directly correlated due to being largely triggered by the same parent population of massive stars.
In contrast, luminous HEX emission with a characteristic spectrum and a point-source morphology is expected if the enhanced IR output is reprocessed UV and HEX nuclear radiation. In the 2-10 keV range, Seyfert galaxies display a mean photon spectral index of 1:7, which is explained by an accreting massive black hole which emits HEX radiation with a spectral index 1:9, upon which is imprinted a Compton re ection component. Observations show that the spectra characteristically continue as power laws to soft -ray energies, above which they are cut o at several hundred keV (see the review by Johnson et al. 10 ] in these proceedings). A large compactness of the emission site, deduced from the luminosity and variability time scale of the emission, would provide strong evidence for an accretion-disk origin of the enhanced IR luminosity. This is not expected from an extended SBG region. The temporal signature is therefore key to determining a compact-source origin of the emission.
2a. Observations
Observations of SBGs have been made mostly at low X-ray energies; best studied are the nearby galaxies NGC 253 and M82. These archetypical SBGs were observed with all the major X-ray satellites, including Einstein 11], Ginga 12,13], Rosat 14], and ASCA 15] . The low energy X-ray ( 10 keV) emission from these galaxies is quite substantial, with X-ray luminosities 10 41 erg/s. The spectra are best-t with both thermal and power-law components, and the emission extends beyond the optical sizes of these galaxies.
The most detailed analysis of the low-energy emission from a SBG is that of the Rosat and ASCA measurements of M82 by Moran & Lehnert 15] . A power-law component with a photon index 1:7 dominates the emission, with two additional thermal components, at 3 10 6 K and 6 10 6 K, required to best-t the combined spectrum. Photoelectric absorption of the rst two components is signi cant, at a level corresponding to N H 10 22 cm ?2 . The size of the emission region decreases with energy; nonthermal emission is mainly from within the central kpc, while the low temperature component comes from a region extending to at least 5 kpc along the disk minor axis.
Independent evidence for signi cant thermal and nonthermal emissions comes from the presence of spectral X-ray lines and di use radio emission. The lines indicate the presence of hot gas within SN remnants and throughout the disk and halo, whereas radio emission is a direct indication for the presence of relativistic electrons. Irrespective of the exact nature of the thermal emission (for example, whether it is partly produced also in binary systems), it is the nonthermal electrons which give rise to HEX and soft -ray emission.
The realization that IR-luminous galaxies are likely also to be luminous HEX sources prompted an analysis 7] of the HEAO-1 A4 survey observations of a sample of 51 bright IRAS galaxies. Combining also Einstein and HEAO-1 A2 observations, a marginal detection was deduced which, when tted with a power-law, led to a mean 0:5 ? 160 keV spectrum with an index of 1:47 0:26. However, this result was heavily weighted by the low energy data, and essentially no evidence was found for emission at > 10 keV. Note also that this sample of 51 bright IRAS galaxies was broadly selected to include all local nonquasars with FIR luminosities 10 11 L , so it clearly included some other AGNs. (For more on the correct classi cation of bright IRAS galaxies, see Moran et al. 16] .)
The two nearby SBGs NGC 253 and M82 were observed with OSSE 17]. NGC 253 was detected at a 4:4 signi cance level in the 50 -200 keV band, and an upper limit was set on emission from M82. With very little spectral information and no spatial resolution, the OSSE measurement of NGC 253 allows only general characterization of the emission. OSSE observations of the ULIGs Arp 220, Mrk 273, and Mrk 231 also resulted in upper limits 18, 19] , although the upper limits on Mrk 231 are not very constraining because of the short live-time on this source. Nevertheless, important implications concerning the nature of the IR luminosity could be drawn from the OSSE observations for Arp 220 because the upper limit to the -ray luminosity is far below what might have been expected based on its IR luminosity. No SBGs or IR-luminous galaxies (other than quasars such as 3C 273) have been detected with the COMPTEL and EGRET experiments on CGRO 20, 21] .
2b. Interpretation
Mechanisms which can possibly result in extended emission at energies in the OSSE range are superposed nonthermal emission from SNe and their remnants, emission from low-metallicity massive X-ray binaries, and Compton scattering throughout the disk and halo. Emission from SNe and binary systems is con ned to the disk, whereas Compton scattering of electrons by the FIR and CMB elds is expected to extend beyond the disk region. Indeed, radio emission has been observed from the disk and an inner halo region extending a few kpc above the optical disk in both NGC 253 and M82. Bhattacharya et al. 17] have estimated that only 20% of the observed ux from NGC 253 can be accounted for by Compton scattering of relativistic electrons by the FIR radiation eld in the disk region. In a more quantitative and complete analysis 22] of the observed disk and halo radio emission in this galaxy, it was determined that all the observed ux can in fact be due to Compton scattering o (both) the CMB and FIR elds. While most of the emission in the central disk region is due to scattering o the FIR radiation, the scattering of relativistic electrons in the inner halo by the CMB contributes most of the emission ( 70% at 100 keV). Thus, by ignoring the halo emission, Bhattacharya et al. underestimated the Compton HEX emission from NGC 253.
In the model adopted by Goldshmidt & Rephaeli 22] , electron propagation in the disk and halo is a combination of di usion and convection; a similar model 23] successfully reproduces the spectral and spatial properties of radio halos of edge-on galaxies. While propagating out of the central disk region (thickness 300 pc) where they are accelerated, electrons lose energy by radiative losses and by ionization and electronic excitations in the neutral and ionized gas, respectively. The electron energy spectrum steepens as they propagate outward. Radiative losses dominate at energies > 1 GeV, and most scatterings are with photons of the FIR eld, which is 20 more intense than the CMB within the central disk region. Compton scattering o the CMB and synchrotron emission dominates outside this region. The wider spatial distribution of lower energy electrons implies that the CMB contribution increases with distance from the disk. Some 90% of the emission at 50 keV originates from a region 3 kpc thick 22].
Fitting the OSSE data yields a photon index of 1:7 in the halo and 1:5 in the disk 22]. These values are consistent with the observed range of radio spectral indices 24]. The mean magnetic eld value deduced from radio observations, together with the assumption of equipartition of energy between the eld and relativistic protons { whose energy density is assumed to be a hundred times that of the electrons { is 9 G. This value is realistic, though on the high side for galactic disks, as is also the implied relativistic electron density. The best-t spectrum, shown in Figure 1 , yields a total luminosity of 10 41 erg s ?1 in the 10 -100 keV band. Attributing the observed emission to a population of SN Ia at peak brightness would require the very high SN rate of 1 yr ?1 , at least an order of magnitude higher than the rate deduced observationally 25]. The contribution of these SNe is constrained by the fact that the associated 847 keV line was not observed by OSSE 17] . This consideration makes it also unlikely that the emission is from SN remnants. Even if we assume a mean 10 -100 keV luminosity of 10 37 erg s ?1 per SN remnant, 10 4 remnants would be implied, and with an assumed upper bound of 10 4 yr X-ray active lifetime, a SN rate of > 1 yr ?1 would be required. It also does not seem very plausible that the emission is from a population of low-metallicity, massive X-ray binaries, whose emission is thought to extend to 60 keV. One would not expect such systems in the dust (and metal) rich environment of a SBG. Even if it is assumed that their spectra extend to the OSSE band, with a luminosity comparable to those of the few known systems in the LMC (no such systems are known in the Galaxy), then more than a hundred such systems would be required to account for the observed emission. This is probably unrealistic, judging by the rarity of these binaries.
Identi cation of the emission from NGC 253 as due to Compton scattering would therefore seem very reasonable, given the di culties with alternative origins. After all, extended radio emission constitutes direct evidence for relativistic electrons over a large region in the disk and halo. The estimate of the FIR radiation eld is also quite secure; recall, though, that most of the HEX emission originates in the inner halo, and is due to scattering of the electrons by the CMB. Thus, any uncertainty that might be associated with the FIR energy density has little e ect on the estimate of the overall Compton ux. Nonetheless, while the data are suggestive of a Compton origin, this is only a preliminary interpretation. The emission has to be spatially resolved before a di use origin in the disk (and also in the inner part of the halo; see 22]) can be determined. On the other hand, appreciable temporal variation will be decisive evidence for an AGN-like source for the high-energy emission.
It is instructive to compare the results of OSSE observations of NGC 253 and M82. While NGC 253 was detected, observations of M82 yielded only upper limits 17]. Yet these two galaxies are quite similar, about equally distant, and were observed for roughly the same time by OSSE. Moreover, di use radio emission has been detected also from M82, and { as we have noted { analysis of ASCA observations indicates the presence of a nonthermal component 15] (at energies 10 keV). In order to understand these results, the level of HEX emission from M82 was estimated in the context of the same model 22] that was applied to NGC 253. Doing so, Goldshmidt 26] determined that the predicted emission from M82 is very close to the OSSE upper limit, which is itself comparable to the ux detected from NGC 253. As expected, therefore, there does not seem to be a qualitative di erence between the HEX properties of these two galaxies.
A di erent approach 18, 19] was used to attempt to identify the origin of the far-IR radiation from OSSE observations of the ULIGs Arp 220, Mrk 273, and Mrk 231. According to the standard scenario for quasar evolution 27], the IR radiation from ULIGs is accretion-disk radiation reprocessed by surrounding dust and gas. Gamma-ray observations provide the best method for detecting direct nuclear emission from a dust-enshrouded AGN. Values of the column density to the central nucleus are limited by CO observations and dynamical estimates of gas mass. Assuming that the buried AGN in these sources emit a standard Seyfert spectrum, the observed IR luminosities were used to normalize the luminosities of the X-and-component. Upper limits on the emission from Arp 220 obtained with OSSE { shown in Figure 2 { imply that < 20% is produced by AGN activity. By inference, the bulk of the IR luminosity therefore originates in non-AGN starburst activity.
This conclusion is in accord with recent ISO observations which suggest that in some ULIGs, including NGC 3256 and NGC 6240 as well as Arp 220, most of the IR emission is powered by massive stars 28]. Further -ray observations of these and other IR galaxies are needed to improve limits and ensure that the lack of detection is not due to having observed the galaxies in states of low gamma-ray activity. The preliminary results obtained with OSSE are important because they challenge our present understanding of the origin of the IR luminosity in ULIGs, and the relationship between ULIGs and quasars.
CLUSTER HEX EMISSION
The process which produces HEX radiation over kpc scales in SBGs may also give rise to similar emission over Mpc scales in clusters of galaxies. In clusters, relativistic electrons leak out of radio galaxies and scatter photons of the CMB. As mentioned in the Introduction, HEX observations of clusters are of considerable interest because of the additional insight that can be gained on physical conditions in the IC environment. Di use radio emission over regions typically 1 Mpc in size has already been detected in 10 clusters. Spectral (energy) indices are in the range 1.2 -1.7, and 0.01 -10 GHz luminosities are 6 10 40 -7 10 41 erg/s (using a value of 50 km s ?1 Mpc ?1 for the Hubble constant). There are reasons to believe that di use IC radio emission may even be a more common phenomenon, though not clearly apparent in many clusters because its detection requires very careful subtraction of galactic emissions 29] . These measurements imply the presence the IC space of electrons with energies in the interval 1 -100 GeV, assuming magnetic elds in the range 0:1 -1 G. Compton scattering of these electrons by the CMB results in radiation in the 2 keV -20 MeV band. Detailed calculations of the predicted properties of HEX emission from clusters were made by Rephaeli 30, 31] . For a given measured radio ux, the predicted level of HEX emission depends on the value of the mean, volumeaveraged magnetic eld B. If B > 3 G, which is comparable to or higher than a characteristic galactic value, then HEX emission in the 40 -100 keV range will typically be < 10 ?6 cm ?2 s ?1 keV ?1 from clusters at distances of a few hundred Mpc. Based on considerations having to do with the likely origin of the elds 29], and estimates from Faraday rotation measurements 32{35], we expect that B 1 G. Therefore, we can reasonably expect HEX emission from clusters at such distances to be comparable to or higher than the above value.
Only few attempts to detect clusters at energies > 20 keV have been made. HEAO-1 A4 survey data from 6 Abell clusters with known radio halos (A401, A1367, Coma, A2255, A2256, A2319) have been analyzed 36, 37] , and two clusters { Coma and A2319 { were detected at energies of up to 30 keV, with upper limits on the emission at higher energies. The detected emission is most likely from hot gas in these clusters. The bounds on nonthermal emission from all the clusters resulted in lower limits, B 0:1 G, and upper limits on the electron energy densities, generally in the range few 10 ?13 erg cm ?3 . We emphasize that the bounds are on the mean values of these quantities. Since no spatial variation was assumed in deriving these results, the central values of B and may be signi cantly higher. For example, in the cores of clusters, values of B as high as a few G are consistent with these limits.
The A4 cluster observations, which were part of the HEAO-1 all-sky survey, were not su ciently long for detection of the expected weak level of emission. To measure HEX emission from even a nearby cluster, a dedicated, deep observation is required. The rst such observation of the Coma cluster was made by OSSE for a total of two weeks, but with only 4.4 days of on-source time. This observation too did not result in measurement of the sought emission, but an improved lower limit was set on the mean IC magnetic eld of > 0:1 FIGURE 3. OSSE and HEAO-1 A2 & A4 measurements of the Coma cluster 37]. G 38] . The OSSE data points, along with the results of HEAO-1 A2 and A4 observations, are shown in Figure 3 . EGRET upper limits presumably result in a mean magnetic eld > 1 G 39], but depend on an extrapolation of the electron spectrum to energies where the synchrotron emission is not detected.
The Coma cluster was recently observed by the PCA and HEXTE experiments aboard the RXTE satellite. A preliminary analysis of some of the data yields a high quality spectrum at energies up to 25 keV, with emission detected by HEXTE up to at least 40 keV. At this energy the ux is at a level 10 ?5 cm ?2 s ?1 keV ?1 . Analysis 40] of the complete data set is in progress. The main goal, of course, is to determine whether the best-t model includes a power-law spectral component.
Prior to the launch of CGRO, a lower limit of 1.5 G was placed 41] on the mean magnetic eld in the Virgo cluster from high-energy radiation ux upper limits from M87. A long pointing in the Virgo region led to a strong OSSE detection of emission from a direction compatible with both the locations of NGC 4388 and M87 42]. The Sigma telescope on the GRANAT has better imaging capablity than OSSE, and only the Seyfert 2 galaxy NGC 4388 has been reported 43] as a Sigma source, suggesting that most of the HEX emission is associated with NGC 4388. Observations with RXTE could determine whether a detection of M87 was obtained with OSSE, and lead to a new value or improved limit for the mean Virgo cluster magnetic eld.
Finally, we note that no clusters of galaxies have been detected with the COMPTEL and EGRET experiments on CGRO 20,21].
SUMMARY
Of the SBGs and ULIGs observed with OSSE on the Compton Observatory, only NGC 253 has so far been detected. Compton origin of the emission from NGC 253 seems quite likely, but with little spectral and no spatial or temporal information, this interpretation is not yet secure. Estimates for the HEX emission from M82 show that it is near the sensitivity threshold of the OSSE experiment. The upper limits to the -ray emission observed from ULIGs, in particular Arp 220, indicate that the bulk of the large IR luminosities originate from starburst activity, rather than from a buried AGN.
The predicted HEX luminosity of a cluster is as high as 10 43 erg s ?1 . The detection of this emission from clusters is, however, more challenging than its detection from the nearby SBGs, because there simply are no nearby clusters with signi cant level of di use radio emission. Whereas the 10 -100 keV luminosity of NGC 253 is more than 100 times lower than that of Coma, its ux is still 15 times higher. This explains why the emission was detected from NGC 253 but not from the Coma cluster, which was observed with about the same exposure by OSSE 38] .
Considerable progress may come soon: NGC 253, M82, and the Coma cluster have all been observed by the PCA and HEXTE experiments aboard RXTE, with NGC 253 observed also by SAX. The improved overall HEXTE sensitivity with respect to that attained in the OSSE measurements of these sources will likely lead to de nite deductions on the nature of the two nearby SBGs and other IR luminous galaxies and clusters.
